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Abstract. In this paper, the non-linear optical properties of representative core-modified expanded por-
phyrins have been investigated with an emphasis on the structure–property relationship between the aro-
maticity and conformational behaviour. It has been shown that the measured two-photon absorption cross 
section (σ2) values depend on the structure of macrocycle, its aromaticity and the number of π-electrons 
in conjugation. 
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1. Introduction 
Expanded porphyrins by virtue of having larger π-
electrons than 18 in conjugation and with bigger 
cavities are known to have diverse applications. For 
example, they have been used as anion receptors, 
sensitizers for PDT, MRI contrasting agents and 
more recently as non-linear optical materials.
1–4
 The 
increase in the electron conjugation from 18π to 22, 
26, 30, 34, 38, 42 and 54π electrons result in changes 
in the electronic structure which are reflected in 
spectroscopic and electrochemical properties.5 For 
example, there is a linear red shift of both Soret and 
Q-bands upon increasing π-electrons in conjugation 
resulting in the reduction of HOMO-LUMO gap.
6
 
The redox potentials change depending on the struc-
ture as well as conformation exhibited by these mac-
rocycles.7 It has been shown that the expanded 
porphyrins exhibit ‘normal’ structure, ‘inverted’ 
structure as well as ‘figure-eight’ structure depend-
ing on the nature of the link at meso carbon bridges 
as well as the number of π-electrons in conjugation.
6
 
There are examples where the same molecule ex-
hibit planar structure in solution and ‘figure-eight’ 
structure in solid state.
6b,7a
 Figure 1 shows the mo-
lecular structure exhibited by expanded porphyrins 
containing six pyrrole/heterocyclic rings linked 
through either four meso carbon bridges or six meso 
carbon bridges. 
 An understanding of the structure–function corre-
lations of these expanded porphyrins is an important 
first step for designing these molecules for specific 
applications. Recently, we are interested in use of 
these expanded pophyrins as third order NLO mate-
rials.8,9 Interaction of the expanded porphyrins with 
an intense laser light leads to changes in polarization 
which can be represented as 
 
 P = χ (1).E + χ
 
(2).EE + χ
 
(3).EEE + ⋅⋅⋅ (1) 
 
where χ (2) and χ
 
(3) are the quadratic χ
 
(2) (first-
order) and χ
 
(3) cubic (second-order) susceptibilities 
parameters that determine the magnitude of the sec-
ond and third order non-linear optical responses. At 
the molecular level, a similar equation can be writ-
ten for the light induced molecular dipole moment 
 
 P = α.E + β.EE + γ.EEE + ⋅⋅⋅ (2) 
 
with the coefficients α, β and γ being the linear po-
larizability, the first (quadratic) hyperpolarizability, 
and the second (cubic) hyperpolarizability respec-
tively.
8a,9a
 
 The estimation of γ can be measured using two-
photon absorption method (TPA),9a,b where σ
2
 which 
is a two-photon absorption cross section is measured 
by the experimental method by the relation: 
σ
2
 = [4π
2
ω /n
2
c
2
]L
4
 Im(γ).
9a
 Thus, the measure of σ
2
 
by the TPA method gives a direct estimation of γ. In 
this paper we wish to relate σ2 values reported
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Figure 1. Molecular structure of known hexaphyrins and their σ 2 values. 
 
for various expanded porphyrins to their structure 
for an understanding of the behaviour of σ
2
, specifi-
cally to: (a) number of π-electrons in conjugation, 
(b) Effect of change of peripheral substituents for 
electron withdrawing to electron donating groups, 
(c) changes from ‘planar’ to figure-eight conforma-
tion and vice-versa, and (d) effect of aromaticity 
(aromatic vs non-aromatic). 
2. Experimental 
The syntheses and characterization of all these ex-
panded porphyrins discussed here was reported ear-
lier by us.10–12 Two-photon absorption cross-section 
measurement were studied by open aperture Z-Scan 
technique for samples 4–9 by IMRA laser set up.
9a
 
Our femtosecond experimental scheme involves 
mode locked Coherent Mira titanium: sapphire laser 
(Model 900) which is pumped by Coherent Verdi 
frequency doubled Nd: vanadate laser. The model 
900 Mira is tunable from 740 to 900 nm and its 
repetition rate is 76 MHz. The duration of the pulse 
is 150 fs as measured by autocorrelation technique. 
We controlled the average power of the laser pulse 
in the range of 10–20 mW by using a half wave 
plate and a polarizer. In order to reduce the thermal 
effect which contribute to the σ
(2)
 value, we have 
used a mechanical chopper in the laser path of Z-
scan set-up where frequency is as low as 200 Hz. 
The use of such chopper also reduces the scatter 
problem seen in some linearly absorbing samples. 
We used 830 and 860 nm wavelength here for the 
measurements. Using a 20 cm focal length lens, the 
beam is focused into a 1 cm long cell filled with 
sample, where it easily produces GW-level intensity 
at the focal point of the lens. We scan the sample 
through the focal point using a motorized translation 
stage (model ESP 300), which can step with a mini-
mum resolution of 0⋅1 μm. This allows a smooth in-
tensity scan for the samples in this wavelength. The 
transmitted beam, after passing through the sample 
is focused into the aperture of a UV-enhanced am-
plified silicon photodetector (Thorlabs DET 210) by 
using a 7⋅5 cm focal length lens. We measure the 
signal in an oscilloscope (Tektronix TDS 224), 
which is finally interfaced with the computer using 
GPIB card. The data were analysed using LabVIEW 
programme. We obtain the non-linear absorption co-
efficient β, by fitting our measured transmittance 
values to the following formula: 
 
 T(z) = 1 – βI0L/(2(1 + z
2
/z0
2)), 
 
where, β = non-linear absorption coefficient, I0 = 
on-axis electric field intensity at the focal point in 
absence of the sample, L = sample thickness, z0 = 
Rayleigh range = πw0
2
/λ, w0 is the minimum spot 
size at the focal point. The β values are obtained by 
curve fitting the measured open-aperture traces with 
the above equation. After we get the value of β, the 
TPA cross-section σ
 (2) 
(in units of 1 GM = 10
–50 
cm
4
 s/photon.molecule), of one solute molecule is 
given by the following expression: 
 
 σ
2
 = βhν/Nc 10
–3
, 
 
where ν is the frequency of the incident laser beam, 
N is Avagadro constant, c is the concentration of the 
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compound in dichloromethane solvent. We have taken 
the known value of σ
(2)
 for Rhodamine-6G as the 
reference for calibrating our measurement tech-
nique.8a,13 
3. Results and discussion 
Two-photon absorption (TPA) is a non-linear optical 
process, occurring under an intense electric field 
usually generated by pulse lasers with simultaneous 
absorption of two or more photons by a single 
chromophore to produce a high-energy excited state. 
There have been numerous research activities to 
search for new optical non-linear materials with 
large two-photon absorption (TPA) cross sections 
(σ(2)) due to potential applications in a variety of 
fields including photodynamic therapy, three-dimen-
sional micro-fabrication, optical data storage and op-
tical limiting.2 High TPA performance has been 
achieved only when π-electronic networks are con-
siderably enlarged either by increasing the π-
conjugation with peripheral substituents
9a,b 
and/or 
extending the π-conjugation in cyclic fashion.
3,8a
 
3.1 Effect of increasing π-electrons in conjugation 
Addition of increasing number of pyrrole/heterocyclic 
rings to a porphyrins skeleton leads to expanded 
porphyrins containing more than 18π electrons in 
conjugation. Interaction of intense laser light with 
these π-electrons leads to changes in the polarization 
thus leading to changes in the observed σ
(2) 
values. 
We have examined expanded porphyrins containing 
22π through 42π electrons in conjugation and evalu-
ated their σ
(2)
 values using Z-scan technique. 
 The σ(2) values are depicted along with its molecu-
lar structure in figure 2. It is seen that; (a) σ
(2) 
values 
increases linearly with increasing in π-electrons; (b) 
σ(2) values increases with increase in flexibility. 
Comparison of the σ
(2) 
values for 5 and 6 illustrates 
this point. In macrocycle 5, six pyrrole/heterocyclic 
rings are linked through four meso carbon bridges in 
a (1.1.0.1.1.0) fashion, while in macrocycle 6, six 
pyrrole/heterocyclic rings are connected through six 
meso carbon bridges in a (1.1.1.1.1.1) fashion mak-
ing it more flexible. (c) It should be pointed out here 
that 8 exhibit ‘figure-eight’ structure in solid state, 
while planar structure in solution. Thus, it can be 
concluded that increase in π-electrons in conjugation 
increases the σ(2) values in the expanded porphyrins 
systems. 
3.2 Effect of changing the meso aryl substituents 
The peripheral meso substituents have a marked ef-
fect on the σ (2) values. Substitution of electron do-
nating and electron withdrawing groups leads to 
changes in the σ 
(2) 
values. Substitution of electron 
donating and electron withdrawing groups leads to 
changes in the charge transfer direction leading to 
changes in the σ 
(2)
 values. For example, the hexaphy-
rin 6c containing electron withdrawing group shows 
a marked increase in the (σ (2)) value as compared to 
6a containing electron releasing group at the meso 
positions. Further, octaphyrin 8a with meso-penta-
fluorophenyl exhibit reasonably higher value of 
81000 GM as compared to 8c containing meso-
trimethoxyphenyl group with 67340 GM (figure 2). 
3.3 Effect of change of heteroatoms 
Changing the inner heterocyclic rings from thio-
phene to selenophene provides a marked enhance-
ment in TPA values. For example, In hexaphyrin 6a 
(2208 GM), the replacement of S with Se leading to 
3-fold increase in the (σ 
(2)
) value as observed for 6b 
(7800 GM). Furthermore, the (σ 
(2)
) value of 90600 GM 
was observed for octaphyrin 8b with Se in the core 
of the macrocycle which is relatively higher when 
compared to thiophene containing octaphyrin 8a 
with 81000 GM (figure 2). This effect can be attrib-
uted to the heavy atom effect. Substitution of heavier 
Se for S leads to changes in the intersystem crossing 
probably changing the polarization pattern. This is 
in line with conclusion of Dongho Kim et al
3
 who 
have shown that the measured TPA (σ 
(2)
) values in 
expanded porphyrins depends on singlet and triplet 
photo dynamics. 
3.4 Effect of aromaticity (aromatic vs non-aromatic) 
Recently, Osuka and Dongho Kim et al reported the 
photophysical properties along with the measure-
ment of TPA values for 1 (9080 GM), 2 (9890 GM) 
and 3 (2600 GM) by an open-aperture Z-scan 
method.3 It was judged from the TPA cross-section 
(σ
(2)
)
 
values that reduced antiaromatic hexaphyrin 3 
exhibited (σ
(2)
)
 
value of 2600 GM which is compara-
tively much lower than its aromatic congeners 1 and 
2 (figure 1). Also the (σ 
(2)
)
 
value of 3100 GM for 
[24]amethyrin 10 (formally 24π hexaphyrin) is 
comparable to the TPA value obtained for [28]hexa-
phyrin 3 which is consistent with the reduced aro-
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Figure 2. Effect of increasing π-electron conjugation on σ (2) values. 
 
 
 
maticity as compared to macrocycles 1, 2 and 6. 
Hence it was concluded that enhancement in the 
aromatic character leads to increase in the TPA val-
ues. Aromaticity of the macrocycle can be related to 
the planarity of the macrocycle. As the macrocycle 
become more planar, the π-electron conjugation 
pathway is facilitated leading to increase in aromati-
city as observed for hexaphyrins by Osuka and co-
wokers.
3b
 Furthermore, the (σ 
(2)
) value for [34]octa-
phyrin 8a was found to be 81000 GM which is 
considerably higher when compared to its non-
aromatic congeners [36]octaphyrin 11 and 12 (figure 
3), thus again reinforcing the dependence of the 
TPA absorption cross section on the aromaticity. 
3.5 Effect of σ(2) values on conformation of the 
macrocycle 
Expanded porphyrins are constructed by more than 
six pyrrolic/heterocyclic rings are found to be non-
planar in solid state, whereas they exhibit planar 
structure in solution and displayed aromaticity.
6b,8a
 
The σ 
(2)
 values depend on the conformation of the 
expanded porphyrins. Octaphyrins are eight pyrrole/ 
heterocyclic ring containing macrocycle generally 
exhibit a ‘figure-eight’ conformation owing to twist 
at the meso carbon. This twist results in the loss of 
aromaticity leads to lower σ
(2) 
values. A comparison 
of σ 
(2)
 value
 
of 8a and 11 reveals the effect of con-
formation on the σ
(2) 
values. For example, 8a shows 
a planar structure in solution as revealed by spectro-
scopic and electrochemical studies, whereas 11 ex-
hibit a ‘figure-eight' structure both in solution and 
solid state. Therefore 11 is expected to show a lower 
σ 
(2) 
value owing to its distorted ‘figure-eight’ con-
formation which leads to loss of aromaticity. How-
ever, in 8 the σ (2) values are much higher because of 
the planarity of the macrocycle in solution leading to 
increase in the aromaticity of the macrocycle and 
therefore is expected to show higher σ 
(2) 
values as 
observed.
8a
 This observation clearly reveals that the 
σ
(2) 
value depends on the structure and conformation 
of the expanded porphyrins. 
4. Conclusion 
In this article, an attempt has been made to relate the 
two-photon absorption cross section (σ (2)) values
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Figure 3. Molecular structures of [24]amethyrin 10, [36]octaphyrin 11 and 12. 
 
measured for a series of expanded porphyrins to 
their electronic, molecular structure and aromaticity. 
It has been shown that the increase in π-electron 
conjugation and increase in aromaticity leads to 
higher σ
(2) 
values and thus reveal the dependance of 
σ
(2) 
values on the structure as well as aromaticity in 
the expanded porphyrin systems. These observations 
reveal that the feasibility of using expanded por-
phyrins for third-order non-linear applications. 
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